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SU_LMARY
Three ceramic, reusable surface ins,,lation materials and two borosiliaate
glass coatings were used in _e iabricaticn of tiles for the Space Shuttle
orbiters. Approximately 77:000 tiles have been made from these materials for the
first three orbiters, Columbia, Challenger and Discovery. Lessons learned in
the development, scale-up to production and manufacturing phases of these
mater[_Is will benefit future production of ceramic reusable surface insulation
materials.
INTRODUCTION
The landing of Columbia after STS-5 on II November 1982 demonstrated the
re$1ity of a truly "reusable" thermal protection system. The concept of a non-
ablating, rigid, reusable, ceramic insulation mater_ _as identified by a
Lockheed patent disclosure iX December 1960. It was reconended as a TPS for
Lifting Reentry Vehicles by Lockheed in 1964 (ref. i) and was pursued as a low
level research and development effort during the early !960's. A concen-
trated development effort was started in 1968 (refs. 2, 3, 4 and 5) to parallel
the NASA Phase_ studies that defined some early Space Shuttle configurations
(ref. 6). Many lessons were learned during each phase of the evolution from
laboratury development to an initial production facility in 1971 (refs. 7 anJ 8),
and finally to the ful] production facility (refs. 9 and I0)_ which produced a
shipset of tiles for the orbiter Columbia
Lessons learmed during the develcpment and scmle-up to production of three
rigid, ceramic, Reusable Surface insuldcion (PSI) hat,rials and two _orosilicate
glass coatings will be discussed. However: the main ,_mp_msis will be on the
significant lessons learned from the following manufacturing phases i_ the full
production facility:
i. Processing of raw materials into tile blanks and coating slurries
2. Programming and machining of tiles using numerical controlled milling
machines
3. Preparing and spraying tiles with the two coatings
4. CGntro_.ling material shrinkage during the high-temperature (2]00-2275°F)
coating glazing cycles
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5. Measuring the tiles before coating and afte= coating glaz:ng
6, Loading tiles into p¢l_ret.hane array frames, shi-nmLng th_ tiles tG the
proper tile-to-tile g,,p _idth and machining the inner-mold-l_e of all
tiles in an array
The RSI materials include Li-_O0 (Lockheed insulatiun at _ deesity of
Ib/ft3), an all-silica material developed by lockheed Missiles g Space
]ompany Inc. (LMSC) in 1972. A predecessor, LI-]500, (a 15 _ ft 3 density all-
silica material) _as develo>ed by LMSC im 1962 (ref. i). it _s the lowest
weight prime material for Lock_eed's reusable liftinB reentry vehicle studi_s
(ref. ll) from 1962 until i971 when LI-_0 _as developed (ref. !2). _I-2200,
a 22 ib/ft 3 densi:y all-silica material, was patented by I ASA ._RC (ref. 13)
and scalea up to _roduction by !2-_C in 1977. FRCI-12 (FibroL_ Refractory Com-
posite InsulatiGn at a density of 12 ib/ft 3) is a composite fiber RSI material.
During design, development, test_nd, evaluation o_ Col_mbia, the ,eed for
improved thermal Frotection tiles was recognized. Stronger, less dense tiles
more resistant to impact dama%e were desired. A ceramic tile material with these
characteristics, in addition to the other required properties, was invented
by the NASA ARC (ref. 14) and scaled up to production size billets by LMSC
(ref. 15). This material, FRCI, composed of a blend of silica fibers and alum-
inum b_rosilicate fibers, is an outgrowth of LI-900 a,d LI-2200 technologies
and basic research of high temperature material: .
The two borosilicate coat in%s are Class ] and Class 2. The Class i (0036C)
coating (ref. 16) is white and has a ratio of solar absorptance to total
hemispherical emittance between 0.2 and 9.4 from -170°F to 135°F, and an
emittance _ 0.7 at 1200°F. lhe Class 2 er Reaction Cured Glass (EGG) coating
{refo 17) is black, and has a total hemispherical emiEtance _ 0.8 at 2300°F and
•a r_tio of solar absorptance to total h_m!spherica! emittance between 0.7 and
I.i from 170°F to 250°F. It is used on LI-900 tiles that experience surface
temperatures from 1200°F to 2300°F and all LI-2200 end FRCI-12 tiles.
LI-900 was scaled up to production _ !975 an_ the first production billet
for Columbia was fabricated in Septem_er 1976. LI-2200 was _-plemented as a
pil_c plant operation to pro_'oce about !G_ tiles per orbiter in October 1977.
After the final tile deliver s _ere made for Columbia and Challenger, about
3000 tiles per orbiter were made from \I-2200.
The pilot plant operation for FRCI-!2 started in January 1979 under a con-
tract from XASA ARC (ref. 15). Facility modification and the scale-up to pro-
duction billet sizes started in October 1979. The first FRCI-12 production
billet for Discove_i (OV-103) was produced in October 1981. Abou= 2700 FRCI-12
tiles are scheduled for installation on Discovery and Atlantis (OV-I04).
l'ne processing parameters involved in tne production of these materials are
_escribed in reference 18.
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APT
ARC
ATA
Billet
Breather Area
C,%DAM "
CAD/C,'_
CATIA
Class :. Coating
Class 2 Coating
Class 1 Tile
Class 2 Tile
Class 4 Tile
Dry Density
FRCI
Applied Programmed Tool, a computer language
used to drive n'americally controlled milling
machines
Aues Research Center
9Tray tile assembly, which consists of a
polyurethane array frame loaded with tiles.
Tile I_,'_ are cut in the frame. The ATA is
used as a shipping container and for tile installa-
_ion on the orbiter.
A finished'piece of LI-900, LI-2200 or FRCI-12
The uncoated area on the sides of the tile that
starts at _he coating terminator line and extends
to the tile IML. The breathec area allows air
to vent out durinB ascent to preclude a loss
of coating.
Lockheed Computer Aided Design and Manufacturing
system
Computer Aided Design/Computer Aided Manufacturing
A Computer-Graphics Aided _"q_ree-Dimensional
!nterective Application system developed hy
Dassauit Aircraft in France
White coating used for temperatures of !200_F
or less
Black RCG coating used for temperatures between
1200 ° and 23000F
LI-900 covered on the O.MT_and sldes with a
white borosilicate coating
LI-900 covered on the OML and side with a black
borosilicate coating (Class 2 coating)
LI-2200 covered on the OML and sides with a
bla_k borosilicate coating (Class 2 _oating)
The density of an LI-900, LI-2200 or FRCI_I2
billet prior to exposure tc the sinterlng cycle
Fibrous Refractory Composite Insulation
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I
FRCI-12
FRSI
GHP
IML
IP
LI-2200
LI-900
LMSC
MD
MDI
Mylarg
NC
NestedTile
Nextel 312_
OML
0036B
0036C
0050
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A rigid, compositefiber insulation madeof
78%silica fibers, 22%Nextel fibers with 3%
by weight of silicon carbideat anaverage
density of 12.5 ib/ft 3
Felt ReusableSurfaceInsulation
GuardedHot Plate
Inner MoldLine
In-p_an_direction which is perpendicular to
the through-the-thicknessdirection
A rigid, all-silica fibrous insulation with
about 2%by weight of silicon carbide at an
averagedensity of 22 ib/ft 3 -"
A rigid, all-silica fibrous insulation with
an averagedensity of 8.75 ib/ft 3
LockheedMissiles & SpaceCo. Inc.
MasterDimension
Master_imensionsIntersections
Tile section cuts put on flexible heavygauge
plastic by Roch;eli or LMSCandusedby LMSC
inspectors to measurethe sides of complextiles
NumericalControl
A tile that is individually measuredfor plan-
form dimensl_nsandhas its IMLcut while being
held in a polyurethanenest
Aluminumborosilicate fiber; a product of
MinnesotaMiningandManufacturingCo.
Outer MoldLine; expriences aerodynamic
heating during ascentandreentry
Theoriginal Class i coating; a dual layer
coating consisting of porous optically adjusted
subcoat and fused glass topzoat
The present Class ! coatingl a single layer
system that meets the optical property require-
ments
The originel Class 2 coating; a fused silica
subcoat and a topcoat of 7930 frit at 8% B203
with a silicon carbide emittance agent
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PTX Lot
RCC
RCG
RSI
STS
Terminator or Witness Line
YPS
TTT
A blend of 20 Manville silica fiber lots
Reinforced Carbon Carbon
Reaction Cured Glass (the Class 2 coating)
Reusable Surface Insulation
Space Transportation System
The line that is put on the sides of most tiles
to define the extent of the coating down the
sides
Thermal Protection S_stem
Through-the-thickness direction; also, the
pressing direction d,,ring the casting operaticn
4
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RSI LCCAT!0NS ON COL_!A
Over 30,_00 RSI tiles were installed on Columbia by Rockwell." About
18,500 of the 23,400 tiles made by LMSC were HRSI, which is either LI-900 or
Li-2200 with the Class 2 coating. The remaining 6000 tiles were LRSI, which is
LI-900 with the Class i coating. The locations of the HRSI and LRSI tiles are
shown in figure i _long with the location of the RCC and FRSI. More details on
the composition of these materials and the installation procedures used for all
Orbit_c TPS materials can be found in references 19 add 20.
LI-900 PPOCESS DESCRIPTION
.@
Materials
The principal component in LI-900 is all-amorphous silica fibers with an
average diameter of 1.2 to 1.4 microns and lengths to 1/4 inch. During develop-
ment, a major goal was to obtain a stable material that resists devitrification
at elevated t_peratures. This was accomplished in an extensive development
program with the fiber supplier, _Manville Corporation. The final product,
Q-fiber, is amorphous silica with greater than 99.7 percent puri_y. These fibers
retain their amorphous structure when e×p_sed to a temperature environment of
2500=F for extended periods. The LI-900 sys=em contains a colloidal silica
binder that requires extensive treatment to obtain the purity required for high-
temperature morphological stability.
Material Pretreatment
During the development of LI-900, certain pretreatment procedures were
developed to fmprove uniformity and processability of the constituent materials.
Maintaining unxform shrinkage characteristics was difficult early in the develop-
ment of the process. This was overcome by heat-treating the fiber before
processing it into billets. In addition, Jnfiberized glass called "shot", if
not removed, causes high density, devitrified inclusions in the sintered material.
To eliminate the "shot", the fiber is slurried with deionized water and passed
through a hydro-cyclone cleaner (fig. 2). The cleaned fiber slurry is transferred
into a centrifugal extractor to remove excess water and to form a fiber "cake",
in preparation for final drying. A/so, silica fiber lots received from Manville
exhibit "-_riab!e fiber characteristics that cause variations _n billet densities.
blend of 20 Mmnville lots, called a PTX lot, was developed to reduze:hhls
variability (fig. 3).
4
LI-900 Fabricaticn
The LI-900 process flow is shown in figure 4. LI-900 billets are cast in
two sizes, 15 x 15 x 6.5 inches and I0 x 20 x 7.3 inches. The operation is
performed in an automated casting line. Preweighed amounts of fiber are loaded
into twenty-six hoppers on a carousel that automatically positions and empties
the hoppers sequentially. Originally, 4.9 Ibs of fiber were used for each
casting. Later development resulted in a change to 5.2 Ibs of fiber along with
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a reducedwater to fiber ratio (fig. 5). Thesechanges,plus others to be
describedlater, resulted in improveddensity distribution within the billets.
Thefiber anda pre-determinedquantity of waterare combinedin a ta_v_kcontaining
a low shearmixer that uniformly disperses the fiber with minimumchoTping. At
the conclusionof the timedmix cycle, the slurry is automatically tr=__nsferred
into a casting mold positioned directly belowthe _i_ing tank.
Entrappedair bubblesare removedfromthe slurry _ior to compr=_ssingthe
billet to its final cast size. This is accomplished_:Ja combination_f
vibration andstirring. Caremustbe exercisedduring _hLsoperation _ maintain
a homogeneousdispersion of the fiber. Wateris removedandthe cast=-B is
compressedto a specified height in the volumeadjustmentoperation, goncurrently,
a vacuumis applied to the bottomof the moldto removea specified _antity of
water. At this stage, the standardbillet c_nta_s 5.2 ibs fiber and approximately
24 ibs of water. Thenext step in the casting operation is the dispersion of a
colloidal silica binder in the compressedcasting at the weight adjustment
station. Thebinder solution componentsare automatically mixedanddispensed
throughmeteringpumps. Thesolution is dumpedon top of the compressedbillet
anda vacuumis applied to the bottomof the casting mold. Theresidu__lwater
in the billet is displaced by the binder that is dispersed_throughouthe casting
to a specified solids concentration. Uponremovalfrom the mold, the _et billet
is weighedto provide a checkthat all steps of the casting operation _ere
performedcorrectly. Thecurrent method,describedabove,is an improvement
over the original methodwhichexcludedthe void reduction andvacaum_--ater
withdrawal (fig. 6).
S ca maintaining a uniform distribution of the colloidal silica binder i_:
the ca_ting is important to maintain uniform physical properties, a gelling
agentis usedto set the binder _ndprevent it from migrating duringd=lying.
Thebillets are dried using either a conventionalovenor a microwavedr_yer.
Theyare weighedafter drying to assure that the specified amountof w;__teris
remo__dprior to sintering. Originally, the castings receiveda first andsecond
sintering with an additional binder addition betweensinterings (fig. _). Later
developmentresulted in a single sintering combinedwith t_lechangefrom 4.9
to 5.2 ibs of fiber. Theresult is an improvementin bille_ density distribution
andan increase in yield.
An additional improvementin averagebillet density wasobtained%-iththe
implementationof a fiber compactshrinkage test. A correlation betw_ billet
density andsintering schedulewasdevelopedfor eachPTXlot (fig. 7). This
allows adjustmentof the 3intering scheduleto accommodatethe PTXlot shrinkage
characteristics which influence the billet density.
Originally, the dried castings were sLnteredin specially designed3-zone
tunnel kilns aea peak temperatureof 2350°F. Thesekilns wereusedfr=m 1975
to 1982. Early in 1982, the sintering operationswere transferred to elevator
kilns. Six side heating is utilized Gnthesekilns comparedto five sld_ beating
in the previouskilns (fi B. 6). This improvesthe strength distribution w;th_n
the billets. Thesiaterin_ scheduleis adjusted to producebillets with a_
averagedensity of 8.8 Ib/ft 3 by adjL|sting the sintering time to accomznmdai:the
PG(lot shrinkagevariations.
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LI-2200 PROCESS DESCRIPTION
Materials
LI-2200 is composed of amorphous silica (Q-fiber) and a small amount zf
silicon carbide powder which provides additional thermal protection if the
material is exposed to excessive temperatures due to coating loss _t the "--
outer surface. With LI-2200, the fiber he.e-n-treatment is omitted, and onl T :he
hydro-cyclone cleaning is performed. Until January 1981, the fiber clean=-z
was performed by an air bubbling procedure which was less efficient and i==_
reproducib!e than the present procedure.
Li-2 00FabriAAon
The [1-2200 process flow is shown in figure 8. The billets are cast :- a
specially designed, manually operated casting towcr in a id.A x 14.4 x 8 inc_h
size. The mixin o process differs from LI-900 in that the preweighed fibers -c_re
combined with water, SiC, and ammonium hydroxide into a V-blender equipped %--th
an intensifier bar. Since LI-2200 requires a signifleantly higher casting d_si=y
than LI-900, the slurry requires some chopping action to obtain the necessa_--r
fiber packing. After the blended slurry is transferred into the casting t_
and _ealed, vuid elimination is accomplishe_ by applying a high vacuum to th_
slurry prior to billet formation. The billet is formed by removing part of r_he
water by gravity drain, compressing the slurry to a f_nal thickness, and th_
extracting additional water with vacuum.
The billets are dried in a batch oven at 450°F for 16 hours. The dry. d_--_sit7
of the LI-2200 is approximately 13 ib/ft 3. Originally, this was the final
operation before sinterlng. However, the billets sometimes exhibited cracks
after sintering. An additional drying at ICO0°F for 12 hours was developed and
impleme_.ted in September 1981 to eliminate this problem.
The LI-2200 is sintered in elevator kilns. The sintering schedule is sf-_-ilar
to that used for LI-900, except that t_e _eak temperature is 2420°F. The --
time at _eak temperature is adjuzted to malr tain final densities within a 22
-+2 ib/ft j density range. Origi-:ally, the so-_ times were based on fiber ch=n_istry.
A more accurate method, based _n fiber compact shrinkage, was developed and
implemented in June 1981.
FRC7-12 PROCESS DESCRIPTION
!_terials
FRCI-12 is a composite fiber material containing amorphous silica (0-flfz_
and aluminum horosilicete fibers (Nextel 312_, a product of Minnesota Min:-T
and Manufacturing ComF_ny ) in a fused fiber natri<. Silicon carbide powder is
added for additional thermal protection as it is in LI-2200. The bulk silica
and Nextel fibers are heat treated at 2200°F and 2000"F respectively to stab_-ize
and standardize fiber _roperties. Hyd_o-cyc!one cleaning is performed on thm
silica fibers to remove particulate contaminants, followed by drying.
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mFabricntion
The FRCI-12 process flow is shown in figure 9. Sil"-_ and Nextel fibers
are intermixed and cast into billets using a multi-stage, wet-slurr7 blending
process and automated casting equipment. Castings are dried using a combination
of microwave and convection-air ovens to achieve optim-um drying rates. Dry
castings are sintered in elevator kilns using microprocessor controllers to
achieve unifor_n, repeatable heating to the optimum sintering temperature
(approximately 2400°F). The optimum sintering temperature varies as a function
of FRCI comFosition and desired final density.
FRCI c_n be fabricated with a range of compositions and densities to allow
tailoring the material to a specific application. An FRCI formulation _,__th a
density of 12 pounds per cubic foot and a si!ica.tm _ea-te! fiber ratio of 78/22,
identified as FRCI-12, was developed to replace LI-2200. Other FRCI materials
with densities of 8 Ib/ft 3 and 20 Ib/f_ 3 have been produced. FRCI-12 t_--!es were
substituted for approximately 2764 LI-2200 tiles on the third orbiter, Discovery.
Substituting FRCI-12 for LI-2200 saves approximately 870 pounds of weight per
orbiter due to the lower density of FRCI-12. Also the tensile strength design
value is increased by 50 percent, and the susceptibility to coating impact
damage is reduced by eliminating residual tensi!a strain in the coating due to
a better match in coefficient of thermal expansion between FRCI and tile coating
materials. •
Development of full-scale manufacturing processes for FRCI-12 required
considerable effort by many individuals within NASA, Roch;ell International,
and LMSC from October 1979 through October 1981. _everal important lessons
were learned during this development about the inter-relationships between
processing and fundamental materioi properties. The development effort -das
complicated by t_e requirement to produce a t'ile material to meet all the
existing requirements of the baseline material, while also providing improvements
of significant importance to warrant replacement of proven materials.
The first significant FRCI problem was eneountere_ during initial saale-up
work on the NAS2-I0134 contract. Nextel fibers did not readily disperse when
blended with silica fibers in the full-scale mixing equipment. Clumps of undis-
persed Nextel fibers, which varied from 1/8 t_ 1/2 inches in length and wel _-
present in the sintered FRCI-12 material, caused unacceptable coating disconti-
nuities on finished tiles. The original laboratory method called for wetting
the Ne-xtel fibers prior to introduction into a small lab-scale V-blender containing
silica fibers. This lab-scale equipment and procedure produced an acceptable
mixture of the two fibers in lab-size castings. However, when the same procedure
was used in full-scale production equipment, the Nextel fibers did not disperse
and Nextel clumps occurred in the finished material. An interim dispersion
method, only marginally acceptable, was devised for the pilot plant operation
conducted under NAS2-I0134. Nextel fiber was preblended in water in _- lab-slze
V-blender to break up Nextel clumps, mixed with an equal amount of _ilica fiber
in the same blender to preveht reaggre_ation of the Nextel into clumps, and then
blended with the remaining silica fiber in the full-scale blender to produce a
slurry with suitable characteristics for casting. This interim dispersion method
reduced the number and size of clumps in the finished material, but the method
was not considered suitable for full-scale production due to the need for
considerable coating touch-up. A high-speed, high-shear blender wa_ substituted
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for the _all V-blender for preblendingoperations in the final p¥oduction;roces_.
As shownin figure I0, use of the high-shearmixer for preblending:[ext._l fibers
totally eliminated _exte! clumpsin finished tiles (ref. 21).
Thesec_ significant problemwasencountered uring characterization
testing of the pilot-plant material. TheapparentI thermal conductivity of the
pilot-plant F_CI-12washigher than the LI-900 baseline value. Rockwell's
criterion for substltuti.-n of any material for LI-900 or LI-2200 was t_hat the
thermal response must be equal to or lower than that of L!-900. A g-aarded "_t
plate (GHP) apparatus is normally used to characterize the the.--'-al
conductivity of a material. Measurements can be obtained over _ wide range cf
temperatures and pressures to establish design values. However, the ±18%
uncertainty bared asso_Lated with GHP data makes comparative mcdsuremen=s on
different specimens, with minor variations in thermal conductivity, uncertaf__.
Comparative measurements are more easily accommodated with the instr_amented
tile method (ref. 23) shown in figure II. Tiles" _ab'ricated from different
materials can Be tested side-by-side in a radiant heating environment at red_-ced
pressures. Either steady-state or transient heating conditions canbe simula-ed.
This method y_elds more reliable comparative results than the GKP method which
is limited to testing one m_terial at a time. Apparent thermal conductivity
values for laboratory FRCI-12 were much lower than the pilot-plant FP.CI-12,
but still higher than LI-900, indicating that some key parameter(s) =mast have
been inadvertemtly varied during scale-up. An investigation of the effects of
various compositional and processing variables on FRCI-12 properties showed
that apparent thermal conductivity can be affected by several factors, the m=st
important being density change during the billet sintering cycle (ref. 24).
Pilot-plant FRCI-12 experienced a density change of 5.5 Ib/ft 3 during sinter-img,
whereas laboratory materia/ experienced a change of 4 Ib/ft 3. Full-scale
production FRCI-12, which has" acceptable apparent thermal conductivity (ref. 15),
experiences only a 2 Ib/ft 3 density change. Reducing the density change durf--_g
sintering was a*zcomplished by use of the high dry density concept, producing
castings with increased fiber content (i.e. more fibers per unit volume) and
sintering at a lower temperature for a shorter time (fig. 12). Reducing the :ime/
temperature profile during sintering caused a reduction in average tensile screngt_
of the material compared with pilot-plant material. However, use o_ six-sided
heating in the kiln in place of the five-sided heating resulted in a more
uniform strength distribution within the billets and provided design tensile
strength values nearly equal to the pilot plant values by lowering the deviation.
Another significant development problem was encountered when attempts to
achieve FRCI-8 (8 Ib/ft 3) thermal conductivity equivalent to LI-900 were
unsuccessful. M/mimlzing the change in density during sintering was not
=_ufflcient to produce FRCI-8 with acceptable thermal conductivity. A combination
with other, less significant, thermal conductivity "drivers" was necessary.
Experiments showe_ that reducing the Nextel fiber concentration in the material
formulation and reducing the size of the silicon carbide particles in the material,
provided the additional reduction in thermal conductivity that was required
(ref. 26). Pilot-plant FRCI-8 experienced a change in density during sinteri__g
of 2.5.lb/ft 3, has a silica to Nextel fiber ratio of 78/22, and contained
320 mesh 6ilicom carbide particles. Full-scale FRCI-8, whlch has acceptable
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For porous materials, the term apparent thermal conductivity is used to d_-_te
heat transfer within the material by solid conduction, gas conduction and
radiation (ref. 22).
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:hermal conductivity, experiences only a 1.5 ib/ft 3 change in density, has a
;ilica to Nextel fiber ratio of 85/15, and contains 600 mesh silicon carbide
_articles. Reducing the change in density during sinterlng was accompllshe6 by
_roducing castings with higher" dry density and sintering at a lower tempera:ure
[or a shorter time (fig. 13). Reducing the tlme/temperature profile during
_intering and reducing the concem_tratlon of Nextel fibers in the formulation
:esulted in lower average strength for the full-scale material compared w_th
_he pilot-plant FRCI-8. However, use cf six side heating in the kiln inst;.ad
)f five side heating, and increasing the heat-up rate to the sintering tem;erature
(to minimize shrinkage during heat-up and maximize time above the critical fiber
)onding temperature of 2350°F) resulted in a more uniform strength distribution
;ithin the billets and provided design allowable strength values nearly equal
to pilot plant values.
TILE PROCESS FLOW
The sequence of operations performed after the insulation material is cut
into cubes is shown in figure 14. After the tiles are machined, riley are beau
cleaned to remove organic contaminants, masked to allow _n uncoated breather
space area along the lower perimeter adjacent to the IML, sprayed with Class i
or Class 2 coating and sintered at 2100 to 2250°F in an Ipsen tunnel-hearth
roller kiln. After vacuum waterproofing with a methyl trimetho.xy siJane (now
Corning DC 6070), the tile identification number is painted on the OML and the
tiles are checked dimensionally as required prior to the IML cuts.
The tile IML cut is performed either individually, which is called a
"nested" tile, or on a group of tiles simultaneously in an array frame, which is
known as an ATA.
The dimensions of a nested tile are checked as required prior to the
• r ability to fit into
cut. The dimensions of the ATA tiles are checked by th d tile-to-tile gaps, which
a premeasured polyurethane array frame w_th the require
are generally 0.045 +_O.016 inch on the lower wings and fuselage and 0.055 t0.O16
inch on the upper wings, fuselage and vertic_i fin.
ENG IN-EERING
Engineering Data Flow
Engineering data, which is used tc defoe the tile and array frame geometries,
is received from Raclc;ell in the form of engineering assembly drawings, tile
bounding plane data and inner/outer mold line data (fig. 15). Only 115 of the
23,400 tiles that Lockheed made for OV-I02 are defined by conved_ional engineering
drawings. The'mold line data can be _epresented by points (X, Y, Z coordinates) anl
corresponding normal vectors (MDI data), and recorded on a magnetic tape and/or aon-
tained as surface definitions described in the Master Dimensions Specification Book,
Document No. MD-V70, Rockwell International. The MDI data are transformed from an
o-_biter coordinate system to a local tile/array coordinate system that is compatible
with the APT language. These transformed data are stored in a geometry file that i_
accessed by the NC programmer for use in preparing the part program to maclnlne tiles.
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A tile machining drawing is used to determine the proper tile shrinkage comper_e-
tion factor (see File Measurement and Shimming Methods section) to include in m_e
nile part program.
The geometry file, which comtains the tile boundary planes and the OML
and IML surfaces, is also used to write the NC part program to machine the array
frame. LMSC fabricated 739 array frames for Columbia. Product Assurance
inspection Standards are also prepared for use in inspection of the tiles on the
£_rdax measuring machines.
.Master Dimension Refinements
Almost 18,500 of the 23,400 tiles _ISC made for OV-102 _ere Y'_i tiles,
which are de£imedin a grid of X, Y, Z coordinates an_i-cmrrespondin_ normal
vectors. The remaining tiles are the more complex MD tiles, which have their
_eometr_es defined in the Master Dimensions Specifications book. Substantial
refinements have occurred in the procedu_'es used to define the 4900 MD tiles.
Originally, _mnd calculators or personal computers were used to calculate points
te approximate complex surfaces, tile and array corner points, Product Assurance
inspection Standards, and points to check the accuzacy of inspection aids
(mylars) furnished by Rockwell (table I). Surfaces which could not be ana-
lytically defined were approximated by calculating points _nd passing a curvet.h_ough these points.
Software, in the form of APT and FORTRAN computer programs, is now being
used to calculate tile and array corner points and to provide accurate blank
sizes. Additional scftware and a CAD/CAM system are both used to develop-and
check the accuracy of cemplex surfaces. This same CAD/CAM system is used to
provide mylars to check hard-to-inspect tiles, reducing the time required for
tile inspection " T;_e accuracy of certain Rockwell furnished mylars is checked
at LMSC using the CAD/C2uM system if a discrepancy is noted du_ing the inspectionprocess.
Mylars were seldom used for Columbia tiles. However, for_Challenger and
DisCovery, mylars were used extensively for hard-to-measure tiles. For example,
123 complex hinge cover tiles, which contain conical surfaces, raled surfaces
and through holes, were recently delivered for Discovery ahead of schedule.
This success was due to a joint LMSC-RI effort to make 28 mylars that were usedto inspect these tiles.
NC Programming Refinements
Initially, an attempt was made to automate tile programming by using a cut
pae'.cage to program each family of tiles (table II). Each minor difference in tile
geometry required a different cut package which was inefficient and often diffi-
cult to use. Limited knowledge of the unusual and complex surfaces involved
made the programming task very difficult and time consuming. ?rograr_me;s
experienced many failures before being able to visualize a tile, working frcm
just the master dimensions data. _t required 90 NC programmers working for ten
months, using more than 166 hours Fer wee_ of Univac 1108 computer time. An
interactive graphics system wa_ _ot av_._bl_ to program tiles.
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Tiles with" planar sides wer_ programr, ed =s planar surfe-ces. This resulted
i= corner shrinkage when the tile coating was Bla zed (see _____!e.Cnrinkage section).
C_e cuttin B LeO! was used to machine most tiles. Since no -oatlng terminator
line was machined _n complex tile_, problems -,-ere enco '_ntered _:hen these tiles
;ere masked for spraying and a high re]ectioz oec,axred for -_iles with insuffi-
use of d-_feren_ fixtures to locate different
-_lent breather ar=a (fig. 16). The .... used a -elatively high
-:ize blanks on the three Danley Corp. NC macz__nes ca - the
-ercentage cf tiles to be scrapped due to opa_ratcr error i---locating
51ank.
Programming and tile machinin3 are now _ore effic!en= due -_o knc_-ledge and
experience gained over the life of the w=og r_m- About 60CO tool t=ies were
required to develop the proper part programs for the tiles on Columbia- About
_.&00 tool trles were required in connection with design changes on CP_ilenger---e 4[ _ _r£d 01_
=_nd about 600 tool tries _s a result of des=ign changes w_._ _nqno-inch radiiJ_
Discovery- Planar sides are now programmed as cylinders _._LL_ --tools ranglng
co reduce tile corner shrinkage. About 30 =iectroplated g_-mm°_d
in diameter from 1/8 to 2 inches were desired during the first year of production
and are _ow used to reduce machining time. A coating ter--__inator line is now
added to most complex tiles to facilitate c_at "Ing _prayin_ and reduce the number
of tiles scrapped or reworked due to incorrect breather area. ._ne same fixture
also used on the NC mills to locate all bl_2cs, regardless of size. _This change
greatly decreased the number of tiles scrapg- ed because of operator error in
locating the blank on the bed of the NC machine.
Interactive Graphics
The recent use of an interactive graphics system (CA_TIA) to program the
redesi_ of specific complex tiles has de_-mstrated that __his method of programm-
ing reduces the number of took tries requL-ed before an acceptable part can be
made. The NC programmer Pros the ability t_ replay the c_.__ter =0.-Jon on the
graphics system terminal and correct any errors observed prior to machining the
first tool try.
The expanded use of an interactive graphiCs system for the red_iB n of the
more complex HRSI tiles would markedly reEuce 5oth the cost and time required
_xample of how this system would work
to manufacture these tiles (fig. 17). An _del of a given tile is constructed
follows. A three dimensional engineering
on the system. The t_le model can be rotated on the te_nal scope, showing
all facets and all surface intersections- The model is zhen sccessed, the cutter
_otion is added, the c_tter motion is replayed =o check for and correct errors,
ae'd then a tape is produced and sent to the msJ:hine shc_ for a tool try. Any
errors encountered during the tool try c_ be _asily co_--retted uslnE the same
eng'neering model. However, as the NC prz-Br_er becomm-s more proficient with
the _-D model, this sequence should minimize =he number _f t_°l tries. In
addition, Product Assurance __an access the sam_ engineering =odel and extract
th6 a=zributes necessary to inspect the tile.
BOROS ILICA_E COATLNGS
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Class ! Coa:ing
Developnent of the Clas_ i (white) :oatlng was a _ignificant challenge
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becauseof the stringent optical propertyandweight requirements. .----eoptical
property requirementsare a ratic Of solar absorptanceto total hemispherical
emittancebetween0.2 and0.4, to achievelow temperatureswhile on orbit, and
an emittanceof 0.7 at 1200°Fto allow maximumre-radlation of the convective
hea_Lngene=gydurL_greentry (fig. 18). An intensive developmentpro&ramwas
successful in producinga dual layer coating that wasstarted in prodnction in
October1977. This coating (0036B) consisted of a fused, water-imp,tr_ous
topcoat of clear glass plus zinc oxide, over a porous subcoat that cemtained
aluminum oxide for high refl_ctance _nd silicom c_rbide for high emi==ance.
The subcoat required dryin_ at 1300°F _rior to spraflng the topcoat. After
both layers were applied, glazing at 21G0°F was required to >roduce a water-
im>ervicus, dual layer coating.
In mid ]978, effort was directed toward combining the dual layers while
retainJ5.g both the optical properties and the water impe_riousn_s.. A single
layer coating (0036C) was successfully developed, qualified and implez_ented
intG preduction in early 1978. During this period, the maximum coating weight
requir _ement was increased from 0.09 to 0.12 iD/ft 2 to alleviate a coating
cracking problem which was tt_avoidable with a 0,008 inch thick coating. This
coating was successfully applied to about 5700 tiles fo_ orbiter 102. For
Challenger, OV-099, the maximum coating weight requirement was increased to
0.17 ib/ft2. _ile in production for OV-I02, a major water imperviousness
problem affected the Class I coating. A three month investigation _evealed that
the cause was large frit particle size that precluded complete fusion (ref. 27).
A complete parti_le size distribution requirement was determined and imposed on
the frit supplier. Corning Glass Works. Particle size controls were also
instituted for the coating slurry (fig. 19) to assure complete fusion during
the 2100°F coating glazing cycle.
Class 2 Coating
The Class 2 (Gray) coating (0050), developed in 1974 (fig. 20), -_as a dual
layer system that contained Corning 7930 frit with a bor$_ gontent of _% and a
gilicon carbide emittance agent. Because of a high coating residual tensile strain
(values of 200-300 microinches por inch), crack propagation was not inhibited. This
coating was replaced in June 1976 with a NASA ARC-patented Reaction CtLred Glass
(RCG) coating. The RCG coating is a single layer system that meets all the
optical >roperty requirements and also has lower coating residual tensile strains.
It _s i=plem_nted into production in May 1976 and was used on 195 tiles that were
installed on the lo_er mid-fuselage of the Enterprise, which was used for all
the subsonic aerodynamic tests at the NASA Dryden Flight Research Center.
Subseque_atly (ref. 28), the RCG coating was shown to be susceptible to both
coa_ing impact damage and crack propagation. However, this susceptibility is
probably common to any thin glass _oating; RCG is a single laver ocatlng system
that was easy to scale uD to a production operation =ud wnich proved to be
repairable when damage occurred.
The Class 2 frit used in the RCG coating also encountered a particle size
anomaly Ln January !976 when the coating process was transferred to L.._C from
NASA ._RC (ref. 29). Examples of coating anomalies that are caused by too many
fines (particle size less than i micron) are shown on the left side of figure 19.
WithLn 3 mGnths after the implementation of both the Class ! and Class 2 coatings
into the production facility, both frits _nd slurries were controlled by full
particle size distribution requirements (ref. 30).
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Universal Patch
Rigidized fibrous _nsulatio:_ is subject to cas=ing voids and to scratches
and gouges duringhandling. The initial method for filling these voids was to
fill them with cured silica slip for Class i coated tiles and with RCG coating
for Class 2 coated tiles. This process required multiple fill and dryLng
cycles. Also, there was concern that the den_;e fili_ could vibrnte loose, and
further enlarge the voids.
A universal patch material was developed that has a de-_ity approximately
equal to that of the tile, is appli=able to both silica and F?.CI tiles, is
compatible wit5 _he coating glazlnB cycle, is capable of re_airing tile edges
and corners, and is easily and rapidly applied. FxistinB, approved Shuttle
materials which are used to compc-=nd the patch material are silica fibers,
colloidal silica, acrylate solution, deionized water, and a combination of
fuchsin and methyline blue dyes. The slurry is sim?ly placed into a'_ci_ at
twice the void volume, and fiatt_ned with a teflon spatula. After patching, the
tile is dried at 1200°F for 8 mimmtes, and is then ready for coating. Full
patch cure occurs durinB coating glazing. Excellen= bonding of patch to tile
has been demonstrated, and no crystallization occurs from exposure to a tempera-
ture Jf 2300°F for 15 hours. The scrap rate for damaged tiles was significantly
reduced after this procedure was introduced into production.
Tile Coating Application
Class I and Class 2 _orosi!icate glass coating_ are applied to tile blanks
by spray application of a slurry. Tile blanks are set up on holding fixtures,
maske_ to provide a breather space near the _ surface, and patched as.necessary
to cover surface deformities. Class I tiles are seal-coated with a suspension
of c_!l_idal silica in water and dried prior to application of the coating.
Class 2 tiles are wetted with alcohol prior fo a_plication of the co_ting.
The amount of slurry applied to each tile is ¢_ntroll_d b> maintaining
slurry viscosity, line pressure, and the number of coats _ithin p>e_eter_ined
limits. The coating weight is determined "wet" and a_con version factor is
applied to calcrlate "dry" weight. Coating weights are between 0.07_ and
0.17 ib/ft 2 for Class ! tiles and between 0.09 and j.17 Ib/ft 2 for Class 2
tiles. The corresponding coating thicknesses are 6 to 15 mils fo r Class 1
tiles and 8 to 15 mils for Class 2 tiles.
Several siBnificant problems with the coating process _ere encountered
during production of t_!es for Columbia. One problem involved robot sprayer:
which were initially used in 1977 to coat the less complex tiles. The first
3000 to 4000 tiles, primarily Class 2, that were c_ated using the robots had
excessively high reject and/or rework rates for coating deficiencies such as
runs, non-uniformity and excess or insufficient coa=ing thickness_ Extensive
experimentation with adjustments and programming of the robots _ndicated that
the following problems could not be resolved with =he existent capabilities of
these first generation robots:
I. "They were unable to accommo_ate minor variatio=s i_ viscosity typically
encountered with production batches of slurry.
t
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2. Therewasno capability to changethe _peedof the r_bot fromthat used
during the programming(teaching) phase.
3.
.Robots used twice as much slurry as manual spraying (i.e. only 45 tiles per
5 gallon batch were sprayed compared to as many as 8r_-lO0 tiles per batch
for manual spcaying).
4. The cassette tapes used to contrcL =he robot3 were not interchangeable
5e_--Jeen robots so each robot had to be taught (programmed) individually.
5. D_:= on the tape heads caused unplanned and uncontrollable motion in the
robots.
6. There was no feedback loop 21 the system during the _roduction spraying
phase that could -_ ....u . _ the speed or the rate at _hich the slurry was being
sprayed. .
It was found that experienced coating techninizns could accommodate the varia-
tions in tile geometry and slurry viscosity ard provide a yield in excess of _%
for this operation (fig. 21). Use of robots was discontinued for spraying
production t_les in March 1979. Current, more _ophisticated robots, with
advanced technology such as control by floppy disk or cemputer, and active
feedback loops, could probably handle the mechanical problems. However, the
ability to distinguish subtle changes in slurry viscosit7 and apply in-preces_
corrections still appears _o be handled best by skilled operators. A qualified
sprayer can adjust the spraying speed to overcome any subtle changes in viscosity
and can also touch up the tile as required at any time in the spraying sequence.
Another significant problem was high reJectio_ rate for coating weight
discrepancies. Coating weights were initially determined after glazing. -Excess
or insufficient coating caused the tile to be scrapped. A method of determining
the coating weight while still "wet" wms developed. The "wet weight" is
determined by the operator and corrections are made if necessary before the c_ating
dtles. Underweight tiles receive an extra coat of _iur_y and overweight
tiles are stripped af.d recoated (fig. 2. Another problem ";as changes in sl_.ry
vlseoqity with time. Slurry viscosity de=raded _ith time to the point where _-_
was too "thin" to be sprayed without running and sagging. Investigation showed
that trace amounts of iron contamination were introduced by processing equipment
at _he frit manufacturer's production facility. The iron oxidized with time
i_ the made-up slurry at LMSC, destabilizing the particle suspension. A heat
treating procedure at 1000°F was used initially to oxidize the iron before making
the coating sl_rries. Later the _ource of the iron contamination at the
manufacturer was identifled and eliminated.
Another significant problem was wide variation in tile shrinkage rate and
gree of coating fusion. Investigation showed that a narrow and r_peatable
_perature range is required to _rovide the desired dimemsional tolerances
and un_ ,rm degree of fusion. Ifhe degree of fusion not only affects appearance,
but also water imperviousness. The original glazing kilns (stage tunnel kilnsj
were not capable of holding the desired temperat--re tolerances% Tunnel hearth
roller kilns (Ipsen Inc.) were obtained that malntain t_eratures within
±I0°F between 2100 and 2300°F. Tile glazing problems were virtually eliminat_
by using tb_se kilns.
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Tile Waterproofing
Initially, the rites were rendered hydrophobic (waterproof) by immersion
in a hexa_ethyl - dlsilazane silicone/freon solution. Tile weight gain was
about 1.0 percent. Several hundred grams of freon solvent evaporated from
each tile during thermal exposure. The process provided good water imper-
viousness, but left a dark, carbonaceous residue when heated to between
800 ° and 1000°F, resulting in an increase in the ratio of _o_ar absorpuance
to hemispherical emittance to above the 0.4 specification limit.
The present method involves release of a trimethoxysilane vapor into a
vacuum chamber containing the tiles. The tile weight gain is only 0.I percent.
Also, the material sublimes in a char-free condition, and no chan_ in optical
properties is encountered.
Tile SPrlnkage
During the development of LI-900, dimensional control had not been
identified as a problem since little was known about tile gap beating, and the
tile dimensional tolerances were not defined. Tile shrinkage and warpage
were not fully understood and the significant factors that .influence tile
"_ehavior during the glazing cycle were not known.
In 1976 a series of test programs led to the realization that tile
shrinkage could be correlated to a singi_ factor, tile thickness, if all other
parameters were held constant. This knowledge was aided By the utilization
of precision Bendix Cordax machines, which provide accurate, cepeatable m_asure-
ment data for each tile. This enabled Lockheed engineers to develop a clear
and complete picture of tile dimensional changes during glazing.
The initial results showed that tile length or width chaages were related
to the glazed tile thickness. A best-fit, least-squares logarlthmlc equation
was developed using the available data. Reference 31 describes the details of
this activity.
A plot of the basic offset equation, which reflects the use of the Richmond
III glass melt, is shown in figure 23. Notice that the curve crosses the dashed
llne of zero shrinkage at a sintered tile thickness of 2.1 inch. This means
that "thin" tiles experience a net shrinkage, while thick tiles "grow" due to
addition of the coating on the sides.
The basic offset equation was used for most of the 15,000 NC tile part ,
programs t_hat Lockheed wrote for 0V-102. These programs are relatively expen-
sive soft, are and are not easily changed. After a new glass melt, Waterville i,
was put into use, it was discovered that tiles made from the new glass melt
fibers did not ShrCnk the same as tiles from tho orIE_n@! R_ehmond TTT Zlass
=eli. Therefore, another test program was conducted and a new offset equatiun
was developed.
A plot of this new equation is shown in flgure'23. Waterville 1 tiles
shrCnk more than Richmond If! tiles. The difference is significant when com-
pared to the allowable side tolerance of ±.008 inch. Since it was not cost-
effective to revise the NC part programs to correct for the increased shrinkage
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of the new melt, it was decided to continue using the existing NC software and
to apply an offset correction at the time the tile is machined. Figure 23
shows the offset for a given glazed tile thickness. A table of tile machining
offsets was developed and implemented by en=ering a letter cede on the IBM
travel card that accompanies each tile. New soft:_are was written which allowed
the NC machine to "read" the letter code and apply the corresponding offset
to each tile side during machining.
As new glass melts were introduced into the manufacturing process, =est
_rograms were conducted to develop the appropriate offset tables (ref. 31).
7o dare, seven melts have been used for all orbiters and an eighth melt is being
pr=cessed. Approximately Ii0,000 tiles have been made from these melts to date
TPS tiles were originally machined with planar vertical sides. Subsequent
shrinkage investigations revealed that special offsets were necessary to'control
shri.ukage during coating glazing (fig. 24). These speci_l offsets are classi-
fied into three categories: planar, which is the type of shrinkage discussed
above, side-slope and radius-type compensation. The planar type shr±nkage,
which is the largest of the three, accommodates planform shrinkage during the
glazing cycle. The side-slope and radius compensations are smaller in magnitude
and accommodate distortion shrinkages. The side-slope distortion occurs because
the OML edge shrinks more than the base of the tile. Radius =ompensation is
necessary because the corners shrink more than the middle side of the tile.
All adjustments are made in an equal and opposite sense and constitute typical
adjustments made tc NC machine part programs.
The solution to the side slope distortion problem was simple and ecorJmical.
Since the original part programs used the coating terminator line as the drive
path, a conically shaped tool ha_,ing the same diameter at the tip as the •
cylindrical tool was designed (fig. 26). The cone angle was designed to give
optimum offset to a m_jority of tikes that were manufactured by LMSC. With
the same diameter at the tip as the cylindrical too]., the same part programs
could be used with no changes.
ihe radius type compensation is made hy simply machining a cylinder through
a point at the center of the tile side. This results in more material left
at the corners to accommodate the "pillow" type distortion.
During the early stages of Columbia tile delivery, simple (square-flat)
tiles were manufactured. When more complicated tiles were fabricated, dimen-
sional problems occurred. Tiles whose sides were not parallel or normal to
each other (i.e., tlies with a wrap-around OML) had a high dimensional reJectior
rate. An investigatio_: revealed that the shrinkage normal to the in-plane direc-
tion, which is defined as the through-the-thickness direction, is about three
times larger than the in-plane shrinkage (fig. 27). The ia-plane direction
usually denotes a plane that is parallel to the orbiter surface. The shrinkage
--_ _: ..... = "" of these surfaces follow a complex relationship. Since the
numeric'ally controlled machines have limitations in application of automatic
offsets to only the in-plane direction, which usually lies parallel "to the
_achhne bed, no letter offset method exists to adjust the pert programs. As a
result, a fixed offset is used in the NC part program for through-the-thickness
shrinkage corrections. For example, all elevon cove tiles receive a fixed
through-the-thickness offset for a specific silica glass melt. Wraparound and
step tiles are treated in a similar manner (fig. 27).
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Tile Measurement and Shimming Methods
Most of the OV-I02 tiles had to be measured and verified for planform
dimensional conformance prior to loading into array frames to machine the
LML (fig. 14). Consequently, an automated system to measure tiles was imple-
mented. Two Cordax measuring devices were programmed to automatically 3ummon
the inspection standards from a host computer, locate the tile on the machine
bed and automatically determine the acceptability of the tile by using a series
of 6 to 12 predetermined touch points on the tile sides, sad 5 touch points on
the OML surface.
The average time to measure a tile _sing a Cordax machine is 5 to 15
minutes. Another device, the "maxi-measure" (fig. 28) was developed to reduqe_ .
the load on the Cordax measurement machines_ This device consists of two pa_allel
plates chat measure the maximum dimension of tiles with parallel sides. The
average measurement time for the "maxi-measure" device is less than one minute.
After about 70% of the tiles were fabricateG for OV-102 the "load-and-go"
concept was implemented to red',ce the time required to dimensionally inspect
tLles and to increase the rate of AT_ deliveries to Rockwell. As shown in
figure 29, the concept consists of an Initial measurement of the array frames
with aluminum templates or by probe en a large bed NC mill. The tiles are
then loaded into the frame and shimmed t¢ the prope_ _aps. If the proper tile-
to-tile gaps are obtained, the IML's of all tiles in the a_ray are cut as a group
on one of the two large bed NC mills. The ATA's are then ship_od to Rockwell.
The advantages of the "load-and-go" concept are:
I. The number of tiles that must. be checked for planform dimensions is greatly
reduced.
2. Tile planform dimensional outages greater than ±.015 inch per side are
allowed but the proper tile-to-tile gaps are maintained_ and the overall
array dimensions are to print.
3, ATA_s that did not shim to the mLnimum tile-to-tile gap were reworked by
refiring an entire row of oversized tiles to reduce their planform dimensions
(Fig. 30).
4. If th_ ArA cannot be shimmed to the maximum tile-to-tile gap selected,
tiles are remade to allow the ATA to shim properly.
For OV-102, about 3600 tiles were shipped to Rockwell in 170 ATA's using the
"load-and-Bo" concept. For OV-099, which was the first shipset to use the
"load-and-go" concept for all AFA's, 3,200 tiles were shipped as nested tiles
and 20,500 tiles were loaded into 745 ATA's under the "load-and-go" ccnceFt.
Fo_ Orbiters 103 and 104, which have about 18,200 LMSC tiles, about 2,100 tiles
are nested and 15,800 t_les will be loaded into 535 arrays under the "load-
andqgo" concept.
Material Physical Properties
LMSC has had responsibility for material characterization tests of all
the ceramic RSI materials. Rockwell has had responsibility for performing the
systems tests on all RSI materials including RCC and FRSI. Figure 31 shows
typical average room Lcmperature physical properties developed by LMSC for
i
I
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LI-900, Lla2200and FRCI-12. Moredetailed dataalongwith values at both
elevated andcryogenic temperaturescanbe obtainedin reference19.
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CONCLUDLNGREMARKS
This paper has presented a mu!titudJ of lessons learned in the development
and scale-up to production of three ceramic PSi materials and two borosilicate
coatings that were used i_ the manufacture of tiles for the firs= three or-
biters: Columbia (late 1976 to early 1979), Challenger (April 1979 to March
1982), and Discovery (_rch 1982 to present). These improved methods, which
are summarized in Table III, are presently being used in the fabrication of
tiles for Atlantis, the fourth orbiter•
The effectiveness of the lessons learned is revealed in the overall tile
yields: 48% for about 23,400 tiles for Columbia, 81% for about 23,800 tiles
for Challenger and 88% for about 18,200 tiles for Discovery. With the dele-
tion of certain planfo;m measurements of nested tiles on i February 1983 as
a result of an expanded process control program, the overall yield on Atlantis
tiles is expected to be about 90%. w_.ile some of the increase in yield can
be attributed to modified requirements, the majority of the yield increase is
due to the inproved methods discussed herein, primarily the aidition _f coating
terminator lines on most tiles, the addition of homing devices on the NC mills,
the reliance on real time process control for coating weight, and the "load-
and-go" concept.
Experience since the start of production in October 1976 has shown that
ceramic fiber reusable surface insulations still retain some "art" in their
fabricatiqn processes as opposed to all "science". Consequently, making a
consistent, repeatable product requires good process control and all changes
to [he process must be thoroughly evaluated prior to implementation and tightly
controlled after implementation.
Another lesson that has been illustrated through the development of L!-900
(ref. 12), LI-2200 (ref. 13) and FRCI-12 (ref. 15) is that the RS! materials
can be "tailored" to the application as with fiBer-reinforced composites.
This "tailoring" is also evidenced in the recent advanced studies of FRCI
using ratios of Nextel to silica of up to 80/20 (ref. 32). Hence, these
fanilies of RSI materials offer the designer a very flexible design concept•
Finally, if LMSC were to introduce a new, man-rated ceramic RS! material
into p[oductien for an advanced Shuttle cr Orbital Yr/nsfer Vehicle, the
minimumchanges that would be introduced are:
o Vacuum degassing of casting slurries
o _dition of silicon carbide particles to the billets for emitta_2ce retention
of the RSI in the event of coating loss during entry
Use cf an interactive graphics system like CATIA or CADZ_ for the design of
tile geometries and. to proviJe an automated method to write NC part programs
implementation of real-ti_e process contr_31 in critical manufacturing areas
4
4
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Consideration of different coating and tile concepts if rewaterproofing is
required after every flight (i.e., tiles with larger planform dimensions
and fewer if any material shrinkage problems _n the absence of a coa_ing
glazing cycle)
!
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TABLE I.- MASTER D_SIONS REFINL-_NTS
ORIGINAL METHOD i
I
I
• HAND CALCULATION OF TILE CORNER
POINTS & PA STANDARDS.
I
I
• HAND CALCULATION OF BLANK RIZES.
1
I
1
• APPROX,IMATION OF COMPLEX SURFACES.
I
I
• PRODUCTASSURANCE POINTS FOR I
HARD_TC-INSPECT TILES. I
I
• HAND CALCULATIOH OF POINTS TO I
CHECK HOCKWELL MY_R_. I
I
!
IMPROVED METHOD
k',D DEVELOPED SO_RE TO
CALCULATE CORNER POII_TS & PA
-_TANOARDS.
• SOFTWARE DEVELOPED TO PROVIDE
BLANK SIZ:_S.
• CAB/CAM D_'E_PM_ & CHECK OF
COMPLEX SURFACES.
• CAD/CAM DEVELOPED MYLARS TO
INSPECT COMPLEX TILES.
• CAD/CAM CHECK OF ROCKWELL MYLARS.
TABLE II .- NC PROGR_/___[ING _REFIN_--MKNTS
ORIGINAL METHOD
CRUDE CUT PACKAGES TO PROGRAM TILE
FAMILIES.
• ONE INCH DIAM-:TER CUTTER USED FOR
MOST MACHIF-! NG.
• NO COATING L;NE _N COMPLEX TILES.
SEPARATE RXT_RES FOR DIFFERENT
BLANK SIZES.
PLANAR SIDEF PROGRAMMED AS PLANAR
SURF_.CES.
• LIM_FD KNOWLEDGE OF COMPLEX
SURFACES.
• LIMITED USE OF CAD CAM SYSTEM TO
PROGRAM TILES.
• NO CHECK FOR REFERENCE POINT
' IMPROVED METHOD
e OPTIMIZED CUT PACKAGES TO
li FACIUTATE PROGRAMMING & REDUCE
COMPUTER RUN _ZaF_
e BOLrr 30CtrI'TER GEOMETRIES WEPE
USED TO REDUCE MACHINE TIMIE
i • COATING TERMINATOR LINE ADOED TO
| COMPLEX TILES REDUCED SCRAP.
I
I • SAME FIXTURE FOR ALL BLANKS REDUCSD
I SCRAP.
I
I • PLANAR SIDES PROGRAMMED AS
I CYLINDERS TO REDUCE CORNER
I SHRINKAGF_
I
I • EXPERIENCE REDUCED PROGRAMMING &
I MACHINING TIMF_
• CAD/CAM SYSTEM SHOULD REDUCE TOOL
i TRIES.
I
• HOMING DEVICES INSTALLED ON N/CI
I MILLS ASSURE PROPER REFE]FIE]hlCE POINT
I
T_IELE III.- A SL--_IMAEY _F LESSONS LEA-R-WED
992
t• TOTAL RS; CERAMIC TILES- 30,812 (LMSC 23,4C0 )
• REINFORCED CARBON/CARBON (RCC) (44 PANELS/HOSE CAP)
• FELT REUSABLE SURFACE INSULATION (FRSI) (3,581 FT_)
ORtGINP,L p;:_ ,'.-3 HRS| 4 _
LRSI -- /
FRSI--. /.__ r-_:._ LFiSI
._ ",, - _ "- _
-- HRSl AND LR$1 '-FRS! -RCC _LRSI
Figure 1.- TP$ locations on Columbia (Or-!02).
6OX
• BILLETS PROCESSED WTTH. RBE_
CONTAINING SIMCA SHOT AFFEC'_'ED THE
UNIFORMITY OF THE MATERIAl-
i e BILLETS FABRICATED WTTH THE
HYDRCCYCLONE-PROCESSED FIBER HAVE A
MORE UNIFORM CONSISTENCY.
Figure 2.- Pretreatment of silica fibers for LI-900.
ORIGINAL METHOD
2 LOT BLEND
I PTX LOT (1 COLE) - BOLB X 2 J- M LOTS
LOT
ORIGINAL PAG-E ;_
OF POOR _UAL_
IMPROVED METHOD
LL_,_._./__._J .-,V.._./V_.-Jv--JV..-,'_
20 LOT BLEND
I PTX LOT (ISOLB) ,-7.5L_.___3X 20 J-M LOTS
LOT
A
10"01 l '_13.(_1
"-'"r- - _-.......1 :'_"_r............................
"s -- -- -- _--:--:.........................
I11 #J , I 1 ' [ ! L _ ! ] Ii BLI L I t | , I ' : 10d "o s _ol_ vd s
_, I m LMSC PTX LOTS
LMSC PTX LOTS I
Figure 3.- Blending J-M fiber lots for LI-900.
U _ Ill.LET _ AJITII_i -
L-: _:. _ _/ TO_
Figure 4.- LI-900 procese flow.
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1 ORIGINAL YlETHOD
= 9 LB 13T BiNOER 2NO
OF FIBER SINTERING ADD;T'CN $ 'NTERING
DEPSITY SO,'-'_, M
I
I
I
I
I
I
I
I
i
I
IMPROVED METHOD ,.. Vp.Ci: _,-3
OF pooa Qu_,u'r_
A
OF FleER
SINGLE
SINTERING
P,ENSITY glOTTOM
v BILLET CAST WITH 4.9 POUNDS OF FIBER,
SINTERED, WEIGHED, THEN RE-SINTEREO
TO DESIRED DENSIT'/
!
i • BILLET CAST WITH 5.2 POUNDS OF FIBER,
I THEN SIKTERED TO DESIRED DENSITY
I • REDUCED PROCESSING TIME BY 50%
Figure 5 - Changes in LI-900 casting and _intering procedures.
ORIGINAL METHOD
BILLET
SIICR_INO
CA•TING (FTYI_ SiDE HEATING}
BTAT.O N
| ! -_
DENSITY II_'T'TO M
_, BILLET CASTWITH GRAVITY DRAIN
• Bh.LET SINTERED WITH FiVE SIDES
I IMPRO_'ED ,"4ETH 0 D
I
| .
_0?O IJI_X SIDERIEDucT1,ON "_ACUUM-A_SIBT HEATING)
_rATION CJL_rlNG
| STATION
'
i
I rol,
| CEI(SITY B (_._0 M
i
e SLURRYAGITATEDTO REDUCE VOIDS
| _ DILL_T,C._STWITHTHE t-!DOFV-_-'_UUM
| • BILLET SINTERED ON PEDESTAL TO
EXPOSED EXPOS=_ND_-RSIDETO KILN HF..AT
• DENSI', Y GRADIENT PROVED SIGNIFICAN'_ |
WITH CENTER OF PU THE LEAST DENSE [ • MORE U_FORM DENSITY DISTRIBUTION
Figure 6.- tl-9OO void reduction a_nd vacuum =_ssisted casting r_ethods.
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OF pOOR QUALfC_
ORIGINAL BtETHOD
_. FIXED
5OAK T fME
TIME
=g°l 2!"--'"--_S*E"'F'C*`rIO"i_"I'_S-/....-_
X___
; IMPROVED METHOD
| _A_.E A COMPACT
| WITH _BFJI F_OM NEAT TREAT
! EACH PTX LOT AT 235,0"F
| MEA3URE u OLUM_-r RIC
| CHAHGE TO DEF.'_E
01 - •
| O "O 20 TIME
li % PTX LGT rADJUST _OAK TIME TO "
| SHRIN_(JGE LoB'rAIN PROPER DcJ_SIT *.
I
I
I ;
I ,TX LOT A PTX LOT 8
I
Figure 7.- Silica fiber ccmpact test for LI-900.
r" --
-qp-
TRIMMED " -
LI 2200 BILLET TRIMMING SINTEPING DRYING
TO STOCK
Figure 8.- LI-2200 process flow.
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BuLK FIBER FIBE]R HEAT TREATMENT
DRYING
AP
OVlN OflY!_
OF POOR QUALITY
SIliCA I:_
CL EJkNING SILICA
t _ t
pilE.WEIGHeD
BALLS
FRCI-12 BIL LLrT
t "__ t t t c.,-
Figure 9.- FRCI-12 process flow.
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ORIGINAL METHODS
LABORATORY P_ _,-_
• WET WITH WATER
4P
• BLEND
WITH BILICA
dip
• CLUMPS
• SHEAR NE XTEL_
• BLEND WITH SILICA
• FINAL BLEND WITH
REMAIHING SILICA
• CLUMPS kIINIMIZ_'-_
I IMPROVED ,METHOD
I PRODUCTION
!
i
i • HiGH SHEAR BL_ND _H NE3C_ •
| SILICA
I
,I
'II
I
| • F1KAL BLEND WITH R:_iAIN:HG SItJCA
I
I
I
,I!
I
| • CLUMPS F.UlIM_IATED
Figure i0.- Nextei dispersion methods for FRCI-12.
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ORIGINAL METHOD I IMPROVED METHODI
• GUARDED HOT-PLATE ASTMC1T7-STEADY-| _-_-_x [ TILE ['--] --Z--X0 _N_ STARE VALUES I zso¢ x-o _ _'(,N.Iz | ,',. L.rcpLOG
_ .80_P.IO.BAT M . p2 TC3
• I TO.,'"C""_I _ I . ' P'10"3 ATM
'l" t"|¢IC._uJ=, .:[ .40'= "18%_//_,_.18,_ SPECIMEN SYMBOL != 1000; ':i! _Xo _"_" ._ rRUMENTEB'r
O_ PGM
-300 0 900 1800
TEMP - "F
• EXTENDED TIMES TO ACHIEVE
STEADY-STATE CONDITIONS
• LIMITED TO ONE SAMPLE PER T_ST
• LARGE DATA UNCERTAINTY (-+ 18%)
• GOOD COMPARATIVE DATA DEPENDENT
ON:
-- TEST METHOD
-- APPARATUS
-- OPERATOR TF.CH,_IQUE
• APPROPRIATE FOR ESTABLISHING DESIGN
VALUES
INSTRUMENTED TILE|
| 0 400 800 12OO 5IN DEPTH T/C's
| TIME • SEC
| • SHORTERTESTTIMES
I
II • CAN TEST COMPARATIVE SAMPLES
t SIMULTANEOUSLY
II • ME_SUREMENTUNCERTAItITY MINIMIZED
I
I • TRANSIENT THEqMAL RESPONSE
I PROVIDES GOOD COMPARATIVE DATA
I • ITERATIVE COMPUTER CODE BACKS OUT K
I APPARENT
• APPROPRIATE FOR CCMPARATIVE
• EVALUATIONS
Figure ii.- Thermal performance evaluation methods.
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ORIGINAL METHOD ! IMPROVED METHOD
I
LABORATORY AND PILOT PLANT | FULL SCALE PRODUCTION
l
.= =+_s'_ I _ ._ _,,oo'_
i 1,,co.F
TIME TIME
5 SIDE KILN HEATING II 8 SIDE KILN HEATING
I
I
6.5 PCF | 10 PCF
oa'_ DENSrW _ |
I
FINAL DENSITY | r-INAL DENSITY
| ._ DENSITY - 2 PCF
._ DENSITY - 8_8PCF |
I
• THERMALCONDUCTIVITY: I • TH_MAL CONDUCTIVITY;
KFRCI-12 = 30-8G% > KLI.900 II KFRCI-12 _15%> KLi. 900
• TENSILE STRENGTH "A" VALUES I ", TENClLE STRENGTH"A" VALUES
- THRU-THICKNESS - 53 LB/IN _' I - THRU-THICKNESS = 52LE/IN ,2
-- IN-PLANE - 85 LB/IN 2 I - IN-PLANE = 141 LB/IN 2
ii
Figure 12.- High dry density concept for FRCI-12.
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ORIGINAL METHOD
LABORATORY AND PILOT PLANT
7_, SILICA
22% NEXTEL _
32eGRIT SI_ _ I _i. 2400"F
TIME
S SIOE KILN HEATI,;G
S 5 PCF
8 rCF
DRY DENSITY
FINAL DENSITY
.'. DENSITY = 2.S PCF
• THERMALCONDUCT;VIrY
KFRC_.E:=25-55% > KLI.900
* TENSILE ._TRENGTH "A" VALU E
THRU-TH;,_KNESS = 22 LB/IN"
! IMPROVED METHOD!
I FJLL SCALE EQUIPMENT
II 85% S:UCA
I ,5% NEXTEL _0
11 6ooL;RrrSlC =i _
I _ _T _' 2_TS'F
| T,ME
I
I el _IlOlE _[IU4 N [P.TING
I 7.U PCF
I ...:_ _)CF
| DRY DENSITY
F1NAL DEN._ITY
| "_ DENSITY = 1 25
I
I
I • THERMAL CONDUCTIVITY
I KFRCI.8 _ KLI._O
I
! • TENSILE STRENGTH "A" ]_ALUE
I THRU-THICKNESS = 26 LB/IN 2
I
Figure 13.- FRCI-8 high dry density concept.
COd_'INQ
SAW INTO
BLANKS TILE MILLING hEAT CLEA|IING MASKING/PATCHIN'_
VACUUM
-- COATING Gt.AZ]NG
MARKI_O _ _,TERPROOFING
_ NONFRAMEO FRAM_ I,
ILIAD AND GO
DIMENSIONS
SHIPIOROCKWELL
Figure 14.- The tile process flow.
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ROCXWELL--_
DEFINIT!ON OF TILE LOCATION
AND TOLERANCES
ENGIN EF.._ _
ASSEMUL¥
DRAWING
• DEFINITION OF TILE GEOMETRY
MAGtlETIC TAPE
,8M CARDS MASTER D;MENSIONS
BOOK
ROCKWELL MASTER
DIMENSION DEFINIT!ON
OF ORB;TER VEHICI.E
;"3.ORI_NAL FP_C_- ,_'
OF P(_OR QUALiTV
-a--- LOCKHEED
DETAILED ENGINEERING DRAWINGS_
FOR ARRAY FRAMES__
_1 ENGINEERING _/ __R_NG_ ]
m_\| RELEASE _ "1 M'ACHINEDTILEDWG. I
ACENTER -1 /_-- _ _ '
v I ENGINEERING _/LP.T. PART PROGRAM FOR TILES
\\_'z_ _ FoRNC=ACHI.E
INSPECTION STANDARDG
MAG TAPE
FOR CORDJU¢
MEASURING MACHINES
Fig, Lre 15.- The engineering data flow.
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Figure 16.- Examples of complex tiles without coating terminator lines.
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Figure 17.- An interactive graphics method showing a Shuttle
infrared leeside temperature sensing tile.
ORIGINAL COATING
i# TOJ:COAT: CLEAR Ol._SS +ZnO
i"- HIGH (. LOW.
OPTICALLY AO JU,ClTED
/ POROUS SUE;COAT
:2L o
DUAL LAYER COATING
REQUIREMENTS:
• 0.2< a/_ <0.4-(135"Fto+ )250"F
• ( >__0.SAT 12OO'F
• WEIGHT < 0.09 Ib/ft 2
• CRACK FREE AND WA,'_ER IMPERVIOUS
STATUS:
• PRODUCTION START IN OCT. 1977
• THIN COATING CRACKED EASILY
Figure 18.- Class I
IMPROVED COATING
SING| E, FUSED GLJ_IS
COATING
/
SINGLE L_ _OAT,_;G
ADVANTAGES :
• ALL COMPONENTS IN ONE LAYER
• MINIMIZED WATER IMPERVIOUSNF-SS
PROBLEM
• LESS RESIDUAL STRAIN
STATUS:
USED ON COLUMBIA AT 0.12 Ib/ft 2
• USED ON CHALLENGER AT O.17 Ib/ft 2
coating optimization.
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ORIGINAL METHOD
• COATING ANOMALIES
"MUD CRACKING _ "ONION SKINNING"
STATUS:
• NO CLASS 1 FRIT SIZE CONTROL OTHER
THAN 90% THROUGH 325 MESH AND A
50% I>IDINT REQUIREMENT
• USE OF SLURRY IMMEDIATELY AFTER
PRE]PJ, RATION ELIMINATED VISCOSITY
VARIATIONS
• NO CLASS 2 FRIT SIZE CONTROL OTHER
THAN A 50% POINT REQUIREMENT
IMPROVED METHOD
DEFINED FULL PARTICLE SIZE
DISTRIBUIlON FOR CL1/CL 2 FRITS AND
SLURRIES
'00 " _ I_iL 1
7s / CLASS1 Fret I t
o ! J
100 6040 20 10 6 4 2 1 ,_ ,4 2 .1
EQUIV. DIA -{MICRONS)
I ADVANTAGES:
I
I • SLURRY VISCOSITY CONTROL IS
| IMPROVED
I
I • SPFIAYING CHARACTERISTICS ARI£ MORE
I UNIFORM
I • COATING CRACKS DURING GLAZING ARE
I ELIMINATED
FUSION OF CLASS i AND CLASS 2
m COATINGS IS ASSURED
Figure 19.- Effect of glass frit particle size effects on glazed coatings.
ORIGINAL COATING
/_ FUSE_) n--L_SS + SiC EMR"TANCE AGENT IN
TOPCOAT
! !
")UAL LAYB:I COATING (0050)
CHARACTERISTICS:
• EMITTANCE p. 0.8 AT 2300"F
• HIGH RESIDUAL TENSILE STRAINS
(200-3OO/z()
-- HIGH CRACK PROPAGATION
• GLAZED AT 2500"F
• FOAMED DURING EXPOSURETO PLASMA
TESTS
IMPROVED COATING
7030 FRIT/5.8%
U ""-" U
i !
SINGLE LAYER COATING (RCG)
lsOd'S,II ,
CHARACTERISTICS:
• WEIGHT <__0.17 Ib/ft 2
• GLAZED AT 2200"F
• EMITTANCE -->0.8 AT 2300"F
• LOW RESIDUAL TENSILE STRAINS
(50-100/_)
-; MINIMAL CRACK PROPAGATION
• RE.USABLETO 2300"F
GOOD FOR SIN(',LE EXPOSURE TO 27OO'F
Figure 20.- Class 2 coating ootimlzation.
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ORIGINAL METHOD
• 'ROBOTS FOR SIMPLE TITLES (5 COATED I
SURFACES)
• MAN FOR COMPLEX TITLES (UP TO 20 iI
SURFACES) I
• MAN IS THE MOST FLEXIBLE ROBOT FOR
ALL TILES
Figure 21,- Methods of spraying class I and class 2 tiles.
MACHINE SPRAY GLAZE COATING COATING
TILE TILE WEIGHT
4b _IP
4 I Q 41 _ Rr_tc'r
PROCEDURE:
• MACHINE TILE
• WEIGH BEFORE SPRAYING !N INSPECTION.
• WE;GH AFTER COATING GLAZING IN
IN_;PECTION
• SCRAP TILES FOR LOW OR HIGrl COATING
WEIGHT
• MACHINE NEW TILE
DISADVANTAGES :
• TILES SCRAPPED FOR HIGH/LOW COATIF:G
WEIGHT
• TIME LOS'(TO REI_.ACHINETILES
ORIGINAL METHOD ._+_ i IMPROVED METHOD._+_
I
| PROCEDURE : _ 4 .o_ff_tmlpCOATI
| • MACHINE Tt.LE
| • WEIGH BEFORE SPRAYING IN IllF(i
!
I • WEIGH BEFORE GLAZING IN
| • STRIP COATING FROM LOW/HIGH WT- TILES
| • RESPRAY SAMETILE
| ADVA NTAG ES:I
| • ELIMINATES:
| - TIL-'"S SCR.JJ_PED FOR COATING WEIGHT
MACHINING NEW TILES
| . GUALITYASSURANCEW_- CHE_KS
I
II • SUBSTITUTES IN PROCESS COAT,NG
WEIGHT CHECKI
Figure 22.- Methods to control coating weight.
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OF POOR QUALII r_J
F
! RE_ID-=NT IN ALL NC PART PROGRAMS:\j_
- .020 _ BASIC OFFSET EQUATION FOR
HICHMONO Ill GLASS MELT
-_Z"°lO(_uJz -1,
< * LETTER
= o
WAfERVILLE 1
GLASS MELT
I L i i I --.L ! l
1 2 3 4 5 6
IAPPLIED AT NC MILL GLAZEP TILE THICKNESS (IN.)
Figure 23.- In-plane machining offsets for LI-900.
9_
o
• ALL ENGINEERING DEFINITION IS
BASED ON COMPUTER (MASTER
OIMENSION) DATA
• EACH TILE HAS UNIQUE PART
PROGRAM FOR NC MACHINING
• ALL MANUFACTURING AND
INSPECTION OPERATIONS ARE
CONTROLLED BY ONE IBM CARD PER
TILE
• DIMENSIONAL REQUIREMENT
_+O.016-1NCH (LENGTH & W]OTH) AND
± ODIO-INCH (THICKNESS) FOR MOST
TILES
• EACHTILEREQUIRES COMPENSATION
FOR MATERIAL SHRINKAGE DURING
COATING GLAZING
• SHRINKAGE VARIES WITH
-- GLASS MELT
-- TILE THICKNESS
-- tILE PLANFORM
NC MACHINED SHAPE
i
(21"0 12 MILS)--,_
TOP VIEW SIDE VIEW
RCG POST COAT GLAZING SHAPE
!2250"FforgOMIN_ __h__(2T O IOMILS|
TOP VIEW SIDE VIEW
Figure 24.- Tile fabrication requirements.
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ORIGINAL iViETHOD i!
I
I
TR_CF.XmLrI_ |
cAno_ I
•
MAGNETIC TAPE _ _N/C MILL |
ADJUSTMENTS TO rilE TILE MACHINED I
DIMENSIONS REQUIRED REVISIONS IN THE II
N/C PART PROGRAMS I
I
• NO CAPABILITY EXISTED TO CHANGE I
CJkRO IMAGES
MASTER DIM •OOK
IMPROVED METHOD
TR_CF.AJIUTY
CARD
F--_-
A •
s \
\
\ _ N/_ML_\
MODIFIED THE N/C MILLS LOGIC
i (HARDWARE)
MODIFIED THt: N/C MILLS sOFTWARE
PROGRAMMED I_ BASIC OFFSET MATRIX IN
THE N/C SOFTWARE
• MODIFIED THETILES IBM TRACEABILITY
CARD TO CHAHG,1E THE TILE DIIBENSlONS
TH iN KI 1.OOL I_I.t.MLr_ HAI; C:)tm_l_ OI[D }
• .MO CHANGESTO THE N/C PART PROqRAM
Figure 25.- Implementacion aspects of tile machining letter offsets-
nl.ZcoA_o----_ .o6s--_ [4--
T .... It-"
UNGUIZEO TIUE
CYLINDRICAL CU_'T;NG TOOL PROBLEMS:
• WIDER TILE-TO-TILE GAPS AT THE OUTER
MOLD LINE THAN AT THE TILE INNER
MOLD LINE
• STEPPED WITNESS LINE RESULTED IN
UNACCEPTABLE TILE TO TILE GAPS
OR,,31NAL METHOD ; IMPROVED ,METHODI
i
:  r--7
, [ _--u--_#1 _____(L_--_
I
I
I
I
CONICAL cU'rTL'qG TOOL ADWI.NTAGES:
]
i • NEAR UNIFORM TILE-TO-TII.JE GAPS
I
i • PROVIDES AN UNDEqCUT WITNESS LINE
I THAT MlkqMIZF--S SIDE CO ATIHG CRACKS
| • TILES tEADE TO THE REQU'RED
I CONFIGURATION
i
• STEPPED WITNESS LINE CAUSED SIDE I
COATING CRACKS i
Figure 26.- Cutting tcol configuration chamges.
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STEP WRAPAqOUND ELEVGN COVE
• ALL REQUIRE TTT SHRINKAGE COMPENSATION
.o5oh
?y
p..010 _ G LASS
O_ , ,MELT
0 30 60 90
(IP) _ (DEG) {TTT)
• ALL "FIXES" CONTAINED IN HC PART PROGRAMS
Figure 27.-
, measured from
in-plane direction
LI-900 tile shrinkage in the through-the-thickness direction.
ORIGINAL METHOD
CORDAX 5000
• USED TO MEASURE ALL TILES BEFORE
LOADING ;NTO ARRAY FRAMES
• ONLY DISCRETE POINTS ARE MEASURED
ON TILE SIDE
I
I
I
i
Figure
IMPROVED METHOD
MAXI-MEASURE
• MEASURES THE SHIMMED DIMENSIONS
• ALLOWS MORE EFFICIENT MEA3UREMENT
OF TILES WITH PARALLEL SIDES
• CORDAX OR MYLARS ARE USED FOR TILES
WITH NON-PARALLEL SIDES
2_.- Tilemeasurement methods.
4OF POOR
ORIGINAL METHOD
,DCORDAX 5000 MEASURING DEVICE WAS
USED TO MEASUR_ ALL TILE3 BE?ORE THEY
WERE LOANED INTO ARRAY FRAMES. THIS
MADE IT NECESSARY TO GENERATE
STANDARDS THAT DEFINED THE
CONFIGURATION OF EACH TIL_
F;.:__ i3
QUALITY
iMPROVED METHOD
!
I
I
I
I
I
I
I
I
!
I
I
I
• ALL TILES ARE LOADED 'NTO
PREMEASURED ARRAY FRAMES- IF ._.:._S
LOAD TO SPECIFIE]D GAPS, THE ENTIRE
FRAME IS ACCEPTF-D FOR SHIPMENT
Figure 29.- The load and go ccncept-
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| ADVANTAGES:
TILE REMAKE PROCEDURE: I
'_ I • NO TILE REMAKES REQUIRED
• CHANGETILE MACHINING OFFSET I
a. | • FEWER SCRAPPED TILES
• MACHINE REPLACEMENT TILE I
4 • i • MINIMUM IMPACT TO DELIVERY SCHEDULEI
Figure 30.- A second s_a_ring to shrink oversize tiles.
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OF POC'R QUALI"-'Y
U-900 LI-2200 i _I-12
DENSITY (;b/ft 3) 8-:)-9.5 20-_4 11.9-13.J
TENSILE STRENGTH" (Ib/in z]
THRU-THE-THICKNESS 24 73 81
IN-PLANE 67 180 257
COMPRESSIVE STRENGTH" (]b/in 2)
THRU-THE-THICKNESS 28 130 132
IN-PLANE 70 230 265
L
THERMAL EXPANSION* (in/in - "F)
THRU-THE-THICKNESS 4z10 "7 4x10 -z
IN-PLANE 4 z 10-;' 4 x 10-;" I
APPARENT THERMAL CONDUCTIVITY" (BT'J-in/ft 2 hr - "F)
TNRU-THE.THICKNESS I
70"F@ 10 -'_ ATM 0.I0 0.22 I
IO00"F @ 10"4 ATM 0.28 0.41 FIN-PLANE70"F @ 1 ATM 0.44 0.73
IO00"F@ 1ATM I_8 1.25 t
!SPECIFIC HEAT" (BTU/Ib - "F} 0.17 O.17
"AVERAGE VALUE
0.1_
O-53
1.13
0.17
Figure 31.- Typical physical properties of LI-900, LI-2200 and :--RCI-__Z_.
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